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Summary
During cell division, correct positioning of chromosomes in
mitotic and meiotic spindles depends on interactions of
microtubules with kinetochores and, especially in higher
eukaryotes, with the chromosome arms [1, 2]. Chromokine-
sins, highly concentrated on mitotic and meiotic chromatin,
are thought to actively push the chromosome arms toward
the spindle center, thereby contributing to chromosome
alignment at the metaphase plate in early mitosis [1–9].
How many distinct classes of chromokinesins exist and
how they cooperate to form a motile chromatin-microtubule
interface are not known. Using a novel experimental assay
with nonkinetochore chromatin reconstituted from Xenopus
egg extract, we demonstrate that the microtubule motility
generated on chromatin is continuous and plus-end
directed. Using specific antibody depletions, we identify two
distinct chromokinesins, kinesin-10 (Xkid) [8, 10, 11] and
kinesin-4 (Xklp1) [12, 13], as the major activities mediating
the interaction of meiotic chromatin with microtubules. Inter-
estingly, we find that the slower motor, kinesin-10, more
efficiently recruits microtubules and also dominates in
collective microtubule transport both in the close-to-physio-
logical environment of chromatin and also in a minimal
in vitro assay. Our results provide an identification of the
molecular activities involved in the generation of motor
protein-mediated chromosome arm motility and yield mech-
anistic insight into the cooperation of the two major chromo-
kinesins.
Results and Discussion
Kinesins localized to the chromosome arms have in most
cases been reported to belong to either of two distinct kinesin
subfamilies, kinesin-10 (Kid) [7, 8, 10, 11] or kinesin-4 (Kif4A/B,
Xklp1) [9, 12–15]. Loss-of-function studies have revealed
nonredundant roles of the two established chromokinesin
classes in mitosis: loss of kinesin-10 leads to severe chromo-
some alignment defects in all organisms studied thus far [7, 10,
11, 16–18], often without strongly affecting the overall microtu-
bule organization of the metaphase spindle. Based on these
observations, kinesin-10 has been suggested to be the major
activity responsible for the polar ejection force [2, 7]. In con-
trast, kinesin-4 has been reported to be important for a variety
of other metaphase spindle functions: for chromosome con-
gression and segregation in cultured human [18, 19] and insect
[17] cells, for integrity of interpolar microtubule organization
and chromosome movements in Drosophila embryos [20],
and for control of microtubule density in Xenopus egg extract*Correspondence: surrey@embl.despindles [21]. Additionally, kinesin-4 has an important role in
anaphase, during which it relocalizes to the central spindle
to organize the midzone [12, 22, 23], whereas kinesin-10 is
degraded in anaphase [10, 11].
Two Nonredundant Chromokinesins in Xenopus Egg
Extract Spindles
Here we studied the metaphasic functions of the chromokine-
sins Xkid (a kinesin-10) and Xklp1 (a kinesin-4), which are
known to accumulate strongly on chromosome arms in spin-
dles in Xenopus egg extract (Figure 1A). In agreement with
previous work [12, 21, 24], we found that depletion of Xkid
led to massive chromosome misalignment (Figure 1B, top;
see also Figure S1A available online), whereas depletion of
Xklp1 led to the formation of distorted spindles and severe
microtubule overgrowth in Xenopus egg extract (Figure 1B,
bottom; Figure S1B1). The observation that the depletion of
Xklp1 from Xenopus egg extract led to an increase in microtu-
bule mass around chromosomes also agrees with the reported
inhibitory effect of a purified Xklp1 fragment on microtubule
dynamics in vitro [25]. Both phenotypes could be restored by
addition of wild-type levels of either purified Xklp1 or Xkid
(Figures S1A and Figure S1B1), demonstrating that these
phenotypes are specifically caused by the absence of either
protein.
The origin of the different phenotypes observed for the two
chromokinesins is not understood. Purified truncated versions
of both chromokinesins have been shown to be active, plus-
end-directed motors in vitro [25, 26]. Therefore, the question
arises of why kinesin-10 proteins seem to be more essential
for chromosome movement (Figure 1B, top; Figure S1A)
whereas kinesin-4 proteins, especially Xklp1 in meiotic Xeno-
pus egg extract, appear to be involved additionally in the
control of microtubule dynamics (Figure 1B, bottom; Fig-
ure S1B). It is unclear at present whether these two chromoki-
nesins constitute the major microtubule-interacting activities
residing on mitotic and meiotic chromatin. Furthermore, it is
not known whether kinesins-4 and kinesins-10 are the main
mechanochemically active proteins sufficient to generate the
polar ejection force at the chromatin-microtubule interface or
whether other additional motor activities are required [27, 28].
Direct Measurement of Microtubule Motility
on Reconstituted Chromatin
To be able to address these questions directly, we developed
a novel fluorescence microscopy-based motility assay to
monitor the collective action of chromatin-associated kinesins
in a close-to-physiological context (Figure 1C). We immobi-
lized nonkinetochore, plasmid DNA [29] on polyethylene glycol
(PEG)-functionalized glass [30, 31] via biotin-NeutrAvidin links.
We then ‘‘chromatinized’’ the surface-immobilized DNA by
incubation in meiotic Xenopus egg extract [29]. Meiotic chro-
matin, reconstituted in this manner, is fully active in assem-
bling and organizing spindle-like structures around chro-
matin-coated microspheres in Xenopus egg extract (data not
shown) [24, 29, 32]. Our goal here was to assemble all chro-
matin-associated activities present in the egg extract at phys-
iological levels on the DNA-coated surface in a close-to-native
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Figure 1. A Novel Assay to Investigate the Motile
Interface of Chromatin and Microtubules
(A) Representative images of metaphase-
arrested spindles assembled around replicated
sperm nuclei in cycled Xenopus egg extract
either depleted of Xkid and supplemented with
endogenous levels (45 nM) of Xkid-GFP (top)
or depleted of Xklp1 and supplemented
with endogenous levels (65 nM) of Xklp1-GFP
(bottom). Left: merged images of tubulin (red)
and DNA (blue); right: spindle localization of
Xkid-GFP or Xklp1-GFP (green). Scale bars repre-
sent 10 mm.
(B) Representative images of metaphase-ar-
rested spindles assembled around replicated
sperm nuclei in cycled mock-depleted extract
(DIgG, left) and extracts depleted of either Xkid
(upper right) or Xklp1 (lower right). Scale bar
represents 10 mm.
(C) Schematic of the procedure for the chromatin
gliding assay. Biotinylated DNA is immobilized on
a PEG-passivated glass surface by means of
biotin-NeutrAvidin links. After ‘‘chromatinization’’
of the surface-bound DNA by incubation with
meiotic Xenopus egg extract and washout of
the unbound extract proteins, microtubules are
added, which are recruited to the immobilized
chromatin and transported by the chromatin-
bound motor proteins.
(D) Two-color total internal reflection fluores-
cence (TIRF) microscopy images of surface-
associated microtubules (red) bound to surfaces
chromatinized by incubation of mock-depleted
Xenopus egg extract in either the presence (top)
or absence (bottom) of immobilized, biotinylated
DNA (blue).
(E) Image sequence showing transport of
polarity-marked microtubules by chromatin-
associated motor proteins recruited from the
extract, demonstrating that the brightly labeled
plus ends are always lagging.
(F) Representative examples of kymographs
(space-time plots, left) and histogram of
observed velocities (right) of plus-end-directed
transport of polarity-marked microtubules by
chromatin-associated motor proteins recruited
from mock-depleted extract. Horizontal scale
bars represent 10 mm; vertical scale bars repre-
sent 30 s. See also Figure S1 and Movie S1.
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764configuration to be able to study quantitatively the interactions
at the chromatin-microtubule interface. Indeed, we observed
microtubule binding to the chromatin surface after washout
of the extract and addition of fluorescently labeled and
paclitaxel-stabilized microtubules (Figure 1D, top). Recruit-
ment of microtubules to the surface was specifically mediated
by the chromatinized DNA, as demonstrated by the complete
absence of microtubule binding in control experiments
without DNA (Figure 1D, bottom) or without extract (data not
shown). Strikingly, more than 95% of the chromatin-bound
microtubules were continuously transported on meiotic
chromatin (Movie S1), directly demonstrating that the chro-
matin-microtubule interface is highly motile and that the chro-
mokinesins recruited from the extract to the immobilized DNA
are active as microtubule motors in a near-physiologicalcontext. Interestingly, all microtubules moved unidirectionally
with their plus ends lagging; hence, motor motility on chro-
matin surfaces was exclusively plus-end directed (Figures 1E
and 1F; Movie S1), and the observed transport was uniform
in velocity with an average speed of 0.26 6 0.04 mm/s
(Figure 1F).
Identification of the Major Activities Contributing
to Chromatin-Based Microtubule Binding and Transport
To test whether only Xklp1 and Xkid are responsible for the
observed binding of microtubules to meiotic chromatin and
the generation of microtubule transport or whether, alterna-
tively, additional chromatin-associated activities are also
involved in mediating microtubule interactions, we immunode-
pleted each of the two chromokinesins either individually or in
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Figure 2. Two Distinct Chromokinesins Coop-
erate to Drive Chromatin Motility
(A) Representative TIRF microscopy images of
microtubules recruited to DNA surfaces chroma-
tinized by incubation of mock- (upper left), Xkid-
(upper right), Xklp1- (lower left), or combined
Xkid- and Xklp1- (lower right) depleted extract.
(B) Anti-Xklp1-, anti-Xkid-, and anti-RCC1-
probed western blots of DNA beads chromati-
nized in either chromokinesin- or mock-depleted
Xenopus egg extracts. These blots show
that Xklp1 and Xkid were completely removed
from the chromatin assembled in the depleted
extracts, whereas the chromatin-associated
levels of RCC1 were unaffected by the depletions.
(C) Quantification of microtubule binding to chro-
matin surfaces in the presence or absence of
chromokinesins as indicated. Surface-associated
microtubules were subdivided as either strongly
bound (red, bound along their entire length) or
loosely bound (blue, only partially bound to the
surface). Error bars represent standard errors of
the mean.
(D) Representative kymographs (top) and veloc-
ity histograms (bottom) of microtubule trans-
port on DNA surfaces chromatinized in mock-
(middle kymographs, blue histogram), Xklp1- (left
kymographs, green histogram), or Xkid- (right
kymographs, red histogram) depleted extract.
Horizontal scale bars represent 10 mm; vertical
scale bars represent 30 s. See also Figure S2
and Movie S2.
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765combination from the egg extract before incubating it with the
surface-immobilized DNA (Figure S2). We then quantified
the number of chromatin-bound microtubules compared to
the mock-depleted sample (Figure 2A). In control experiments,
we chromatinized DNA immobilized on microspheres with the
same extracts and subjected them to western blot analysis to
test for presence or absence of Xklp1 and Xkid on the recon-
stituted chromatin, with the unrelated chromatin-associated
protein RCC1 as a control. We found that immunodepletion
of chromokinesins resulted in the selective absence of the
respective motor from reconstituted chromatin, whereas
the levels of chromatin-associated RCC1 were unaffected by
the depletions (Figure 2B). This shows that depletion of the
chromokinesins from the extracts results in the absence of
detectable chromokinesins on the reconstituted chromatin
without altering the levels of an unrelated chromatin-binding
protein.We observed that the number of
microtubules bound to the chromatin
surface in the absence of Xklp1 was
moderately decreased to 76%,
compared to a mock-depleted sample,
with the large majority of microtubules
(88%) still strongly bound to the chro-
matin along their entire length (Figures
2A and 2C). Depletion of Xkid, on the
other hand, strongly decreased (to
36%) the number of chromatin-bound
microtubules, a large fraction (39%) of
which were loosely bound to the chro-
matin surface (Figures 2A and 2C) (for
a definition of ‘‘strongly’’ and ‘‘loosely’’
bound, see Supplemental ExperimentalProcedures). Strikingly, microtubule recruitment to chromatin
assembled from extract depleted of both Xkid and Xklp1
was severely reduced (by 90%), leaving the vast majority
(86%) of the few remaining microtubules only loosely associ-
ated with the chromatin surface (Figures 2A and 2C).
Next, we asked how the depletion of Xklp1 and/or Xkid
affected chromatin-mediated microtubule transport. In the
chromatin motility assay, depletion of Xklp1 led to a moderate
(44%) reduction of microtubule transport velocity from
0.25 6 0.02 mm/s in a mock depletion to 0.14 6 0.01 mm/s
(Figure 2D, DXklp1; Movie S2). This result suggests that
Xklp1 moderately accelerates microtubule motility on chro-
matin when present at physiological levels. Depletion of Xkid
from egg extract, on the other hand, resulted in a strong
(240%) increase in velocity of microtubule transport to
0.59 6 0.07 mm/s in the chromatin gliding assay (Figure 2D,
DXkid; Movie S2). This demonstrates that Xkid has a larger
Current Biology Vol 20 No 8
766impact on the velocity of microtubule transport when both
motors cooperate (Figure 2D, DIgG). Interestingly, all mea-
sured velocities were unimodally and normally distributed,
indicating that the two plus-end-directed chromokinesins
Xkid and Xklp1 are able to generate stable intermediate veloc-
ities of transport when they cooperate (Figure 2D, DIgG).
Importantly, no directed microtubule movement across the
chromatin surface could be observed after depletion of both
motors in combination (Movie S2). Although it is formally pos-
sible that indirect effects, for example via alterations of the
chromatin structure in response to chromokinesin depletions
[19], cause the motility defects observed here, we regard this
possibility as unlikely, given our observation that the amount
of nondepleted proteins on reconstituted chromatin was unaf-
fected by the depletions (Figure 2B). This, together with the
dramatic effect of synchronous depletion of Xklp1 and Xkid
on microtubule binding to chromatin (Figure 2C), indicates that
most likely no other motor proteins are involved in mediating
chromatin-microtubule interactions inourexperimental system.
In conclusion, we demonstrated that a motile interface
between meiotic chromatin and microtubules can be reconsti-
tuted in our experimental system and that it can be used to
dissect the contributions of chromatin-associated activities
to chromatin-mediated microtubule binding and transport. We
find that at physiological levels in meioticXenopus egg extract,
Xkid and Xklp1 are the major microtubule-interacting activities
on chromatin. We did not find any evidence for other major
chromosome arm-associated activities contributing to motility.
Although both Xkid and Xklp1 contribute to interactions of
meiotic chromatin with microtubules, Xkid is significantly
more potent in recruiting microtubules and also dominates in
collective microtubule transport as compared to Xklp1.
Quantitative Analysis of Combinatorial
Chromokinesin Activities
To better understand how the two chromokinesins cooperate
in generating the motility of chromatin during cell division, we
performed complementary combinatorial gliding assays with
purified full-length Xkid and Xklp1 (Figure S3A). We directly
immobilized the motors in an oriented and stable manner via
their C-terminal oligohistidine tags on Tris-Ni-NTA-PEG-
functionalized glass surfaces [31] (Figure 3A). The average
velocities of full-length Xkid and Xklp1 were 0.10 6 0.01 mm/s
and 0.99 6 0.06 mm/s respectively (Figure 3B), in good agree-
ment with previously measured in vitro velocities for purified
fragments of human Kid [26] and Xenopus Xklp1 [25]. Interest-
ingly, the velocities of microtubule transport by either full-
length Xkid or Xklp1 (Figure 3B) are similar to the rates of
microtubule gilding on meiotic chromatin in the absence of
either Xklp1 (0.14 mm/s) or Xkid (0.59 mm/s) (Figure 2D). This
result suggests that the measured gliding velocity on chro-
matin in the absence of Xklp1 is characteristic for Xkid in the
context of chromatin and vice versa.
As a next step, we measured the transport velocity of fluo-
rescently labeled, paclitaxel-stabilized microtubules as a func-
tion of the ratio of the two motors on the surface while leaving
the total molar amount of surface-bound motors constant.
Mixtures of Xklp1 and Xkid on the surface led to intermediate
microtubule transport velocities. Measured velocities were un-
imodally and normally distributed at all ratios of purified
motors on the surface (Figure 3C). This indicates that in
contrast to gliding assays with two motors of opposite direc-
tionality that result in directional instability of microtubule
transport [33], the two plus-end-directed chromokinesinsXkid and Xklp1 generate stable intermediate velocities of
transport when they cooperate. This is in agreement with the
ability of Xkid and Xklp1 to also generate stable intermediate
velocities in their physiological context of meiotic chromatin
(Figure 1F; Figure 2D, DIgG). Interestingly, the transport
velocity varied in a nonlinear fashion with the molar motor ratio
(Figure 3D). Xkid had a stronger influence on the overall trans-
port velocity than Xklp1 as judged by the nonlinearity of the
velocity-motor ratio curve (Figure 3D). Comparison of these
values with the velocity of cooperative microtubule transport
measured in the chromatin gliding assay (Figure 2D, DIgG)
shows that a similar speed can be achieved at an equimolar
ratio of purified motors on the surface (Figure 3D). This
suggests that the two chromokinesins are present on reconsti-
tuted chromatin in about equal molar amounts, which agrees
with quantitative immunolocalizations on isolated human
chromosomes [2].
The nonlinear dependence of the microtubule transport
velocity on the motor ratio can be quantitatively explained
via a mathematical model (Figure 3E) that is formally similar
to the recently used ‘‘mechanical competition model’’ to
describe microtubule gliding assays with mixtures of two
members of the plus-end-directed kinesin-2 family whose
velocities have a 2-fold difference [34]. When both chromoki-
nesins bind to the same microtubule, Xklp1 experiences
a hindering force, whereas Xkid experiences an assisting
force. The response of motor proteins to hindering forces is
well established and can be approximately described by
a linear force-velocity relationship [35]. The consequences of
assisting forces on motor motility, however, are less clear
[36–38]. Therefore, we describe here, for sake of simplicity,
the effect of Xkid on microtubule transport by Xklp1 as
‘‘protein friction’’ [39, 40] (see Supplemental Experimental
Procedures). The microtubule transport velocity generated
by the two different teams of immobilized motors is set by a
balance of overall forward and backward forces. Our model
can quantitatively describe the experimentally obtained trans-
port velocities (Figure 3D, red line) by adjusting one free
parameter, which provides an estimate for the friction coeffi-
cient of Xkid, provided that the stall force of Xklp1 and the un-
loaded velocities and the ratio of dissociation constants of the
two motors for microtubule binding are known (Supplemental
Experimental Procedures). We therefore measured the KM
values for purified N-terminal fragments of the two motors
via a standard ATPase assay [41] (Supplemental Experimental
Procedures). We found that the motor domain of Xkid
binds more strongly (by a factor of w70) to microtubules as
compared to the motor domains of Xklp1 (Figure 3F). This
difference in affinity agrees with Xkid being more potent in re-
cruiting microtubules to meiotic chromatin (Figure 2C) and
also with the observation that Xklp1 is much more sensitive
to high ionic strengths in in vitro gliding assays as compared
to Xkid (Figure S3B). Assuming a stall force for Xklp1 of
w7 pN, which is in the range of stall forces measured for other
kinesins [35, 37, 38, 42], and using the measured gliding
velocity in the absence of Xkid, we estimate a friction coeffi-
cient ofw1 pN/(mm/s) (see Supplemental Experimental Proce-
dures) for the nonprocessive motor Xkid [43]. This value is
about one order of magnitude smaller than that estimated for
strongly processive motors [39].
Taken together, our data indicate that Xkid is the dominant
Xenopus chromokinesin as a consequence of its considerably
higher affinity for microtubules as compared to Xklp1. Xklp1
moderately accelerates microtubule transport and is itself
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Figure 3. The Mechanism of Cooperative Transport by Two Chromokinesins
(A) Schematic illustration of the cooperative gliding assay: purified decahistidine-tagged chromokinesins, immobilized on multivalent Tris-Ni-NTA-PEG-
functionalized surfaces, collectively transport a microtubule.
(B) Histograms of microtubule transport by either 0.5 mM Xkid (left) or 0.5 mM Xklp1 (right) immobilized on Tris-Ni-NTA-PEG-functionalized surfaces.
(C) Velocity histograms of cooperative microtubule transport by defined mixtures of Xkid and Xklp1 as indicated. The total motor concentration for
immobilization was always 0.5 mM.
(D) Average microtubule transport velocities as a function of the molar ratio of Xklp1 in the motor mix. Error bars represent standard deviations. The red line is
a fit of the mathematical model of cooperative microtubule transport to the experimental data. The green arrow indicates the velocity measured in the chro-
matin gliding experiment (Figure 2D).
(E) Left: illustration of model assumptions. A hindering load (red shaded area) as a consequence of protein friction generated by Xkid slows down Xklp1
according to an assumed linear force-velocity relationship with the zero-load velocity v0,Xklp1 and the stall force Fs,Xklp1. In the assisting force regime,
Xkid is accelerated by Xklp1 and assumed to exert a drag force per bound motor that is proportional to the friction coefficient g and the velocity of micro-
tubule movement. The microtubule transport velocity vmixed is determined by balancing assisting and hindering forces. Box at upper right: formula used to fit
the experimental data, also taking into account the association constants K for the two motors (see also Supplemental Experimental Procedures).
(F) Microtubule-stimulated steady-state ATPase rates of either Xklp1506 (red dots) or Xkid385 (green dots) as a function of polymerized tubulin concentration
measured by malachite green assay (Supplemental Experimental Procedures). The lines represent fits to Michaelis-Menten kinetics. See also Figure S3.
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767strongly slowed down by the slower Xkid. Interestingly, around
the predicted physiological ratio of the two motors on chro-
matin, the velocity dependence on the motor ratio is weak as
a consequence of the nonlinear shape of the ‘‘velocity-motor
ratio’’ relationship (Figure 3D).Conclusions
Taken together, our data indicate that the different biophysical
properties of the two chromokinesin family members allow
them to have differential roles in the metaphase spindle. The
chromosome alignment defect caused by loss of kinesin-10
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768function in metaphase-arrested Xenopus egg extract [10, 11]
(Figure 1B, top) can now be explained based on the measured
properties of the two chromokinesins. Our results show that
Xenopus kinesin-10 is the major determinant for microtubule
binding and chromosome motility along microtubules, in
agreement with defects observed in loss-of-function experi-
ments in a variety of species and cell types [7, 10, 11, 17, 18,
20, 44]. Kinesin-4 proteins like Xklp1, on the other hand,
appear to have varying roles during early mitosis in different
species and cell types. In Drosophila embryos, they contribute
to spindle pole separation during the prometaphase-to-meta-
phase transition [20]. In Drosophila S2 cells and in cultured
human cells, they contribute to chromosome alignment [17,
19]. Such a contribution to chromatin motility might therefore
be essential in some systems [17, 19, 20], whereas in others
such as in Xenopus eggs, Xklp1 mainly contributes to spindle
morphogenesis through an additional essential function by
regulating the density of spindle microtubules (Figure 1B,
bottom; Figure S1B) [21]. Examining the relative contributions
of the two types of chromokinesins from different organisms to
chromatin motility via our novel assay might help to explain the
varying phenotypes observed for kinesin-4 in different experi-
mental systems.Experimental Procedures
Experimental details of protein biochemistry, Xenopus egg extract proce-
dures, gliding assays with purified proteins, total internal reflection fluores-
cence (TIRF) microscopy, data analysis, and quantitative modeling are
provided in the Supplemental Experimental Procedures.
Chromatin Gliding Assay
Biotin-PEG-functionalized and poly-L-lysine (PLL)-PEG-passivated glass
slides were prepared as described previously [30, 31]. A flow chamber of
w10 ml volume was assembled from a biotin-PEG-functionalized coverslip
and a PLL-PEG-passivated microscope slide as counter glass separated
by two layers of double-sided sticky tape (Tesa). The flow chamber was first
washed twice with 50 ml of extract buffer (10 mM HEPES [pH 7.7], 2 mM
MgCl2, 100 mM KCl, 5 mM EGTA, 50 mM sucrose, 0.1 mM CaCl2, 0.5 mM
MgATP), transferred on ice, and then washed with 25 ml of 2.5 mg/ml Neu-
trAvidin (Invitrogen) in extract buffer followed by incubation on ice for
10 min. After NeutrAvidin binding, the flow cell was washed twice with
50 ml of extract buffer and incubated with 150 mg/ml biotinylated DNA (a line-
arized 11 kb pBR-based plasmid [45]) in extract buffer for 10 min on ice, fol-
lowed again by washing twice with 50 ml extract buffer. For visualization of
the immobilized DNA (Figure 1D), an optional incubation step with 2 mM
YOYO1 dye (Invitrogen) was introduced followed by washing twice with
50 ml of extract buffer. Then, 25 ml of meiotic mock- or chromokinesin-
depleted Xenopus cytostatic factor-arrested egg extract (CSF extract)
was washed into the chamber. After 30 min of incubation on ice, the extract
in the flow chamber was replaced by 25 ml meiotic mock- or chromokinesin-
depleted Xenopus egg extract, which was stored on ice and incubated for
another 10 min. The extract was then flowed out of the flow chamber by
washing twice with 50 ml of extract buffer followed by four washes with
50 ml assay buffer (80 mM K-PIPES [pH 6.8], 2 mM MgCl2, 1 mM EGTA,
10 mM b-mercaptoethanol, and 2 mM MgATP). The chamber was allowed
to warm up to room temperature, and 50 ml of assay buffer containing
50–200 nM microtubules (either polarity marked or homogenously labeled),
an oxygen scavenger system (20 mM glucose, 20 mM glucose, 20 mg/ml
glucose oxidase [SERVA Electrophoresis], and 10 mg/ml catalase [Sigma-
Aldrich]), and 10 mM paclitaxel (Sigma-Aldrich) was flowed through the
chamber and quickly transferred to a TIRF microscope for time-lapse
imaging.Supplemental Information
Supplemental Information includes three figures, Supplemental Experi-
mental Procedures, and two movies and can be found with this article online
at doi:10.1016/j.cub.2010.02.067.Acknowledgments
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